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which is a direct intensity modulated representation of an inci-
dent acoustic field, The principle of operation involves the rela-
tive displacement induced by an acoustic field of two optical
gratings which lie between a constant optical source and an op-
tical receiver. The received light intensity is a function of the
relative displacement of the two optical gratings,

The optical source may be coherent or incoherent light, and
a simple pin photodiode detector affords adequate receiver sen-
sitivity, Large, multimode optical fibers can be used to carry
the light to and from the hydrophone, and since the device is
photon-noise limited, arbitrarily high sensitivities can be ob-
tained by increasing the optical power, .

The direct intensity modulated output eliminates the need for,
more sophisticated detection techniques that are often applied to
phase modulating optical hydrophones, yet comparable sensitiv-
ity can be realized with the optical grating approach,

Fabrication of the device is straighforward, without any ad-
vanced optical techniques required, Several prototypes have
been built and have already demonstrated dynamic ranges as high
as 160 dB, with the ability to detect acoustically induced dis-

placements of less than 0, 01 Angstroms.
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SECTION I

INTRODUCTION

The Optical Grating Hydrophone (OGH) is a device which converts a time-~varying acoustic
field to an intensity-modulated optical field. The optical intensity is linearly related to the
incident acoustic field,

The hydrophone itself consists basically of two optical waveguides (or fibers) in axial
alignment with a slight gap between them. An aperture of controlled optical transmittance in
the gap provides the desired intensity modulation,

The controllable aperture is comprised of two identical bar gratings having opaque and
transparent parallel stripes of equal width, The gratings are overlaid and slide with respect
to each other to control the net transparent area. Hence the two gratings act like a shutter

which is controlled by the acoustic field in some fashion, as shown in Figure 1-1,

When the opaque stripes of one grating coincide with the transparent stripes of the other
grating, the net transparent area (transmittance) is zero, As the gratings are translated with
respect to each other so that the transparent stripes of one coincide with the transparent stripes
of the other, the net transparent area is one-half of the total area. The optical transmission
from one optical waveguide %o the other, therefore, varies linearly from zero to essentially
one-half the waveguide area, neglecting the slight loss associated with the beam divergence

across the gap.

The spacial frequency and static setting of the gratings, together with the optical power
used, determine the sensitivity and dynamic ranges of the optical grating hydrophone.

This report presents some background, theory of operation, and sensitivity/dynamic

range analyses of the OGH.

1,1 BACKGROUND

The recent advances in fiber optic technology has stimulated interest in applying fiber
optics to sonar systems, Optical fibers offer lighter weight, smaller size, and higher im-
munity to electromagnetic interference than conventional wiring. Size and weight reductions
are substantial when conventional wiring is replaced with optical drivers, fibers, and

receivers.

1-1
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In conjunction with the interest in optical fibers for sonar systems, is a drive to develop
an optical hydrophone in which the acoustic information is superimposed on an optical carrier,
The optical information can be carried by optical fibers, and could significantly reduce or
even eliminate the electronics external to a given vehicle, This would reduce the weight and
even increase the reliability of external hydrophone arrays, Other advantages of optical hy-

(1]

g ——

drophones are discussed by Bucaro

Several types of optical hydrophones are currently under development (2] . These can

be catagorized into two basic types - coherent and incoherent,

Coherent optical hydrophones typically require coherent sources (lasers), very small
(single mode) optical fibers, and some type of interferometric or phase detection schemes
to extract the acoustic information, which is in the form of optical phase or frequency modula-

tion, More detailed accounts of the various coherent optical hydrophones can be found in
[1, 3, 4 and 5]

———— e A e .

References

Incoherent optical hydrophones on the other hand, do not require lasers, can use large
fibers, and their output is an intensity modulated optical signal, so only a simple photo-
detector is necessary to extract acoustic information from the received light, From these
characteristics, the incoherent, intensity modulating types of optical hydrophones would
! appear more desirable from a sonar systems point-of-view with present state-of-the-art

’ technology (6, 7] .

Several incoherent optical hydrophone (and/or microphone) techniques have been consider-

‘ ed and are listed below:

1, Specular Reflection (8, 9]

2. TFrustrated Internal Reflection [ 8]

3. Bending Loss in Optical Fibers (21
(2]}

4, Evanescent Wave Coupling Phenomenon
5. Polarization Techniques
) 6. Relative Displacement of Optical Waveguides

7. Oscillating Mirror | 10]

8. Optical Grating Technique (Relative Displacement of Optical Gratings) (7, 11]

Of these techniques, the optical grating approach appears to be among the most feasible
in the near term, It promises to offer the sensitivities and dynamic ranges expected of a

practical optical hydrophone (7] .
1-3/1-4
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SECTION II

RESULTS AND CONCLUSIONS

2.1 SELF-NOISE

levels, These are photon noise and thermal noise of the bias resistor in the detector circuit,
- The signal-to-noise ratio (SNR) can be defined as the ratio of the average voltage resulting
from the incident average optical power, to the noise voltage associated with thermal and

' i Analysis and test results show that there are two main sources of noise for practical light
|

photon noise. The expression for this SNR is given as:

2
] SNR = LA (2-1)
(2eVR + vﬁ) B
where
3
: v = Average voltage across R due to optical bias power
? VR = Voltage due to thermal noise of R
r R = Detector resistor value
A e = Electronic charge (1.6 x 10'-19 C)
i B = Bandwidth of measurement
Since
V2 = 4KTBR, write:
V2
SNR = 3RB(ev + 2kT) (2-2)
where
T = Temperature of resistor in °K (70°F = 294°K)
K = Boltzmann's constant (1,38 x 10-23 J/°K)

The SNR value is plotted versus average level V in Figure 2~1 for a resistor value of

33,200 Q.
Note that as optical levels increase (increased V) the system becomes photon noise limited
(d.e., VRZ << 2eVR) and the SNR expression reduces to:
i
SNR_ = i (2-3)
- p 2eRB
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V/R can be related to incident optical power by:

Pone

u

Total optical power incident upon the photodetector
Plank's constant (6,63 x 1074 J-8)
Current due to optical power

n = Quantum efficiency (typically about 0 5)

v = Optical frequency (4.5 x 1014 Hz)

The signal-to-photon noise ratio written in terms of incident optical power, P0 , there-
fore, is, for a photon noise limited system:

Pon
SNRp = (2-5)

2huB
Figure 2-1 shows that photon noise becomes the limiting factor for voltages above -10 dBV,
which corresponds to optical powers of 0,036 mW and above, Typically, several milliwatts of
optical power can be easily used, so photon noise will indeed be the limiting factor in a prac-
tical system, This implies that arbitrarily high sensitivities and dynamic range (high SNRp)
can be obtained by using more optical power,

2,2 HYDROPHONE SENSITIVITY AND DYNAMIC RANGE

The dynamic range is defined here as the ratio of maximum undistorted signal-to-photon
noise levels, and is expressed as:

P .. .na
_ PN
DR = —5%vB (2-6)

where PIN is the total optical power incident upon the gratings, and a is proportional to the

static, or average, optical power transmitted through the gratings. When a =0, no light is
transmitted, and when a =1, half of the light incident upon the gratings is transmitted, The
quantity a is therefore a measure of the bias of the system, Equation (2-6) is plotted for

various P

IN and a in Figure 2-2 (for n =0, 5).
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The minimum rms displacement of the gratings, 6M’ that will yield a 0 dB signal-to-
photon noise ratio is given by:

2
s 2 4hv Ba L
6 2 e— (2-7)
M PINT

3
where: £
1 L. = Distance between grating lines (i.e., one half of the spatial period of the "1
C | gratings) ,

3 { If, in order to proceed with our analysis, we assume that the grating displacement equals
the particle motion of the water due to an incident acoustic signal, then the maximum achiev-~
able sensitivity can be determined,

Note that for a specific hydrophone design one may evaluate performance in terms of ;

. grating-motion as a fraction of particle-motion and, hence, derive a multiplying factor for
, ' that design which describes how it approaches the maximum achievable sensitivity.

The hydrophone sensitivity is the minimum sound pressure level that results in a 0 dB i

t signal~to~-photon noise ratio at the hydrophone output, and is written as:
3 ‘ ]

‘ , 2

| PZ - 4hV (w pcL)” o B (2-8) i

! PIN n ;

& or, in terms of the spatial frequency, D, of the gratings and letting w = 2w f, the minimum
detectable signal (MDS) level becomes:

A i

o2 _ _Bhy@mpc)? 124 (2-9) {
n 2 '
pIND
where:

1

pc = Specific acoustic impedance of sea water (1.55 x 105 gcm-2 s-l)

f = Acoustic frequency

D = Spatial frequency of gratings :
4
4

For D in units of lines per inch (DIN), and PI N in units of milliwatts, the MDS level can be

expressed as:

R

2 (2-10) :

R L T gy
IS

P - (3.651x107 fz—“-—z— ubar’/Hz :

PINPIN

-‘"
s




Equation (2-10) implies that the hydrophone sensitivity can be increased (MDS level de-

creased) by:

o Increasing Grating Density, DIN

e Increasing Optical Power, PIN

e Decreasing the Bias, «

Figure 2-3 is a plot of P2/B superimposed on existing sea-state curves, Here, the input
power is fixed at 100 mW, the bias o, at 0.5, and the grating densities varied from 100 to
10,000 lines per inch, These curves show that the optical grating hydrophone, for the given
parameters is adequate to detect low sea states and shipping noises at frequencies below
1 kHz,

Figure 2-4 is similar to Figure 2-3 except that the input power has been increased to 1W,
and the bias decreased to 0,01 in an attempt to increase the sensitivity of the hydrophone,
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SECTION 1I
CONCLUSIONS AND DISCUSSION ON THE OPTICAL GRATING HYDROPHONE

The optical grating hydrophone is one of the most promising intensity modulating acoustic

sensing device of those presently being considered (2] . Several models of the optical grating

hydrophone have been built, of both the pressure sensing and pressure gradient sensing
types t71012] . These models have displayed sensitivities close to prediced values.

As an intensity modulating device, the optical grating hydrophone offers the advantages

associated with these types of optical sensors:

The output is a direct intensity modulated representation of an incident acoustic

1,
field, hence only a simple photodiode is required for detection.

Compatibility with other optical processing devices requiring intensity modulated
inputs,

3. Either coherent or noncoherent light may be used. The light source may,
therefore, be an inexpensive incandescent bulb,

4. Llarge, multimode optical conductors may be used to deliver high optical
intensities to the device and photodetector. Larger fibers or optical conductors
are much easier to handle from a mechanical point-of-view than are the sig~
nificantly smaller single-mode fibers required by phase-modulating techniques.

The intensity devices are, in general, photon-noise limited, hence arbitrarily

50
high sensitivities can be achieved by increasing the optical power,

In addition to these, the optical grating technique offers additional advantages over
other intensity modulating methods:
1. The optical grating approach is relatively easy to conceptualize and analyze.

The gratings and their static setting allows much design flexibility with regards

2.
to hydrophone sensitivity and dynamic range,

The optical grating hydrophone can be fabricated rather easily and involves
only state-of-the-art optical techniques,

The optical grating hydrophone has its drawbacks, especially when attempting to achieve
Primarily, high

3.

high sensitivities such as sea-state zero noise detection above 1000 Hz,
sensitivities require higher grating densities (for fixed values of optical power).

High density gratings (> 2500 lines/in. ) begin to require tighter mechanical tolerances
to maintain grating alignment, close spacing between the gratings, and proper bias (static)
displacements, In addition, diffraction effects become more pronounced and will tend to

decrease hydrophone performance.

3-1
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] It is beyond the scope of this report to dertve quantitative effects of misalignment,

f ' spacing, and diffraction on the performance of the optical grating hydrophone, An effort is
currently in progress to do so, and will be the subject of a subsequent report, At .his point,
suffice it to say that the hydrophone performance analysis described herein assumes that
Equation 4-7 is adequately approximated by the optical components of the hydrophone,

———
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SECTION IV
[ ANALYSIS

4.1 THEORETICAL INTRODUCTION

Given two optical apertures which lie between an optical source and optical receiver,
let T, be the optical transmittance function to the firsti optical aperture, and T2 be the
optical transmittance function of the second optical aperture. Let x denote the relative
displacement of the two optical apertures as shown in the sketch below:

N

|
|
!
3 —~
' f OPTICAL — Jx OPTICAL
4 SOURCE —.. RECEIVER
: R —
! T ~> ~—— P
r Ty T2

| Ideally, neglecting diffraction effects, the overall transmittance function T is the correla-
tion of the individual transmittance function T1 and T o Over the region common to both

5 optical apertures:

T(X) = f T,(6) T, (x+6)ds ; CA = Common Area of T, and T,

CA
“#-1)

f For the case in which T1 or T2 or both are symmetric about X =0, then T is the convolu-
tion of T1 and T2,

T(x) = f T, 6)T,(x-6)d6 . (4-2)
CA |

For this case, the following spatial fourier transform relation can be written:

‘8’{T(x)} = ?’{Tl(x>}’a'{'r2<x)} (4-3)




= — i, <

where @ {T }is the spatial Fourier transform of T, etc.. Hence, the transmittance function
T can be found by taking the inverse transform of the product of the Fourier transforms of
the individual transmittance functions,

For a light source of constant intensity, 1., the received intensity, 1R can be written

T,
as:

ip = ITT(X) (4-4)

R
or, in normalized form:

IR/IT = T(X) . (4-5)

So, the received light intensity is a function of T(X), the overall transmittance of the optical

apertures,

To obtain a linear relationship between the overall transmittance T, and the displacement
X, rectangular gratings can be used whose line widths and spacings are equal.

Such a transmittance function is sketched below:

Ti(x) L L
A ey ‘
] 1 ;
| ! ———t —» x

t + —
-2L L -L/qL/2 L 2L
where L is the line (or space) width of the rectangular grating.

This can be expressed in Woodward's notation as:

T, =T, = T, = REPZL[ RECT x/L} . (4-6)

4-2




The overall transmittance T is simply the convolution of the two transmittance functions
T1 and T2’ or, since T, = T2’ then T is simply the autocorrelation of Tl’ and is sketched

below:;
T(x)

-2L -L r L 2L

or

T(X) =REP,, [ TRIANGx/L] . 4-7)

The gain of the system is given by the slope of the transmittance function T (X), or in other
words, if A is the gain, then:

A =ATX)/AX .

Assume that the system ideally operates over only a portion of T(X), where a<x<a+ L as

shown below:
T(X) 1

a a + L

In this region, T(x) can be represented by a gain factor times x a’

T(x) = Axa , where Xg is referenced to a,
or,
T(x) = A (x-a) .
The range of T(x) is 0 to 1. To achieve this, x, the total relative grating displacement must
be L, since:
T(x) =0 (4-8)
x=a
and
T(x) = AL =1 , (4-9)

X = a+L




Hence, the system gain, A, can be written as:
A =1/L (4-10)
over the given range of T(x).

The gain then is inversely proportional to the grid spacing, L, hence, the finer the grating,
the higher the gain. In fact, virtually any given displacement x can be made to adequately
modulate the optical bias level by properly choosing L.

For example, if the bias level was T(x) = 1/2, then spatial displacements x =+ 6 ;
about the bias point will modulate the signal 100% if L is chosen such that L = 26 . T(x) will i
therefore cover its entire range of 0 to 1 resulting in 100% modulation as sketched below:

T(x)
L = 2§ for 100% MODULATION

The optical bias level can be calculated by summing T(xb) over that area exposed by the

optical source,

Assume that a rectangular grating of dimension H x W, where H is the total height, and W is
the width of each grating, is uniformly illuminated by an optical source of total intensity IT
shown in Figure 4-1, Also assume that the bias point is at X, =L, wherea isa

measure of the bias. For a =0, no light is transmitted, and for « = 1, half of the available

light is transmitted. l
L ’\—g
n
3 SR T
™ | H l )d) = QL

ITN ] :IR
N T |

GRATING 1 _~” Y™\ GRATING?2

Figure 4-1, Rectangular Grating (Dimension HW) Uniformly Illuminated by Total Intensity
Optical Source
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Letting N = number of illuminated spaces
A‘I‘ = Total area of spaces

a Constant, such that 0<a <1

Then the following relationships can be written:

H

i

(2N+1) L
so the total number of spaces can be written:

H-L

N = S5r

or conversely, L can be written as a function of N as:

-
2N+1

The total area of the spaces can then be written as:

L =

Ap = NLWo
or, in terms of N
_ NHWa
Ar = @N+D)
In terms of L,

H-L)}W.
ATzL_z—L-g_

(4-11)

(4-12)

(4-13)

(4~14)

(4-15)

(4-16)

But HW is the total available area, which corresponds to the maximum light intensity

available, IT' The received light intensity IR can then be expressed as:

- < Na . _ H-L
Ip =IAr = L (5R) = It o @
or .
-I-B- = T( ) = No = @-L)a
I ! = @N+T) 2H

For the case of high desired gains, L is small and N is large, so:

LIMIT 1 o
L T UMITT () = LIMITT () = 5= .

T =0

Eir Ecti= v ey

“-17)

(4-18)

(4-19)
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Therefore, despite the grid density, approximately a/2 of the total optical source intensity

is available at the output,

The movable grating technique has been demonstrated to be an effective acoustic detector
in the laboratory. The optical source, receiver, and grating geometry for design implemen-

tations must adequately approximate Equation (4-7),

4,2 PERFORMANCE ANALYSIS

The performance of the optical grating hydrophone depends on the ability to detect the
modulation of a light beam, the detection performed in the presence of system noise (elec-
tronic and photon), and the modulation produced by acoustic-pressure-induced motion of a
grating. The noise mechanisms are analyzed, photon noise is shown to be dominant, and
detectable light levels are shown to be readily realized in the presence of this dominant noise,
Hydrophone sensitivity and dynamic range are then analyzed and shown to be of practical
utility., Only state-of-the ~art technology was assumed in the analyses.

4,2,1 SYSTEM NOISE

The ability to detect small displacements of the grating from a rest bias point in the op-
tical hydrophone is ultimately limited by noise in the output of the optical detector., There

are four important noise sources to consider:

1., Electronic
2, Thermal
3. Photon

4, Homodyne

4,2,2 ELECTRONIC NOISE

Electronic noise, in this case the detector noise, is the noise attributable to nonoptical
origins, Typically these noise sources are shot noise, excess noise, and thermal noise.
Shot noise is produced by the reverse bias current in the device. At low frequencies the shot
noise increases with a 1/f characteristic and is referred to as excess noise. Thermal noise
is produced by the series resistance, load resistance, and channel resistance of the device,

A noise power figure-of-merit for a photodetector is the noise equivalent power (NEP).
This defines the minimum incident power required to generate a photocurrent equal to the
total photodetector noise current, The formula for NEP is:

_ Noige Current (A) _
NEP = Sensitivity (A/W) (4-20)

Typically, the NEP is specified in terms of source wavelengih, frequency of measurement,

and noise bandwidth,
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A typical photodiode, for example EG&G's HAD-1020A photodiode/operational amplifier,
when configured to operate linearly to 10 kHz, has a NEP, at A = 0.9 and f = 10 Hz, of

about 10712 W/VHz, The NEP over a 10-kHz band is less than 10710 Ww.

This implies that, in the frequency range from 10 Hz to 10 kHz, optical powers above
10"10 W will dominate over detector noise, Realistic light levels are well above this noise
floor, so detector noise is not expected to significantly affect performance.

4.2,3 RESISTOR THERMAL NOISE

For a detector operated in the photoconductive mode, the bias resistor used will generate
a voltage that is a result of the thermal noise of the resistor,

The voltage induced by the thermal noise is given as:

VT2 = 4KTBR . (4-21)
where:
VT = Voltage noise

Boltzmann's constant (1. 38 x 10723 3ok

]

Temperature in °K
Bandwidth of measurement
Resistance of resistor

K
T
B
R

For a resistance value of 33, 2K @ at room temperature, 70°F or 294°K, the noise

voltage 1is:

VT2 = -153 dBv/Hz . (4-22)

4,2,4 PHOTON NOISE

As light levels increase well beyond limits imposed by the thermal or electrical noise,
photon noise associated with the average bias light cominates, Photon noise is physically the
result of the random emission times of the discrete conduction electrons, These random
emission times result in a fluctuation in the average current (i.e., noise). The noise is
spectrally white because of the impulse nature of the current increment contributed by each
electron, The signal-power to photon-noise-power ratio increases linearly with the in-
creasing optical power that {lluminates the photodetector,
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The mean squared value of the current fluctuation due to shot noise (photon noise) in a

photodetector is:

2 Vn 2
np = 2Bl = —_LRZ (4-23)
where:
i np2 = Mean squared photon noise current in photodetector
|
| Vnp2 = Mean squared photon noise voltage in photodetector
3 1 i = Direct current in photodetector .
] v = Bandwidth over which inp is measured
! e = Charge of electron = 1.6 x 10018 ¢
R = Bias resistor in detector circuit

The current at which photon noise equals thermal noise (iEQ) occurs when:
E t v 2 -v 2, (4-24)

From the previous two equations for Vnp2 and VTZ, this relationship becomes:

. 2
2eB1EQR = 4KTBR . (4-25)

Solving for iEQ yields:

_ 2KT (4-26)

'EQ eR ° i

For typical values T = 294°and R = 33,200 Q, iEQ becomes:

-6
iEQ ~1,56x10

For photodetectors with quantum efficiencies of 50%, this corresponds to an optical power of
3 uWw,

A

Optical intensities considerably above this are common in optical fibers, so photon noise

.
B will generally dominate over thermal noise.
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4.2.5 HOMODYNING NOISE (by Joe Chovan)

The reduction in noise with increasing optical power continues up to a limit where homo-
dyning noise becomes dominant, Homodyning noise occurs with any optical source that has a
finite spectral (color) width, Physically, it is due to different optical frequency components ]
in the electronic signal out of the photodetector mixing together. As the optical power is in-
creased, homodyning roise increases at the same rate as the signal so that no further signal-

v Reaaso -

to-noise improvement is realized,

A photodetector is a power detector, responding to the square of the input optical time
waveform, Multiplying a time function by itself is equivalent to convolving the complex spec-
trum with itself in the frequency domain, The time waveform out of an incoherent light source
can be considered as a random variable with a Gaussian amplitude probability distribution.

Thus, the frequency spectrum out of the photodetector is the convolution of the power spectrum ; 4
15 [ 131 i

i A 2 n e o

—— e L A e .

of the light source with itse

For simplicity, consider the optical power spectrum out of the optical source to be rec- X
‘ tangular with a bandwidth 8 as shown in Figure 4~-2, The power spectrum out of the detector
§ is then an impulse at dc and a triangular spectrum extending to 28 as shown. This component ;
! is of no interest since the photodiode detector current can not respond at this frequency,

1 ‘ In actual practice, the input spectrum is typically more Gaussian-shaped than rectangular,
so the output spectrum is also Gaussian-shaped with twice the spread. In either case, the in-

= put spectrum is so broad that the output region of interest is confined near de¢, comparatively

speaking., Thus, the spectrum can be considered as essentially flat over the region of interest.

The important point is that the power spectral density of the output current noise equals
the squared dc current divided by the optical bandwidth as shown in Figure 4~2, Physically,
i this noise is due to the incoherent power summation of the various difference frequencies
| within the optical spectrum mixing in the photodetector. The dc component, on the other hand,
arises from the coherent mixing of each spectral component with itself,

Optical bandwidth is determined from the spectral line width of the source as follows:

B = &3¢ (4-27)
A
where:
B = Frequency bandwidth of optical spectrum out of optical source j
A = Nominal optical wavelength of optical source ‘

AA = Nominal spread of wavelength in output spectrum of optical source
Speed of light = 3 x 108 m/s

T
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Figure 4-2, Optical Power Spectrum
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With such a flat noise approximation, the mean-squared homodyne noise cur-
rent in a bandwidth Bis:

2 |
1.2« %B (4-28)

1 2 . Mean-squared homodyne noise current in photodetector
8 = Optical bandwidth

i = Direct current in photodetector

B = Bandwidth over which i oh is measured

This homodyne noise analysis appears plausible when applied to a local area
on the photodetector surface that is small enough for the optical wavefronts to be well
correlated over the immediate neighborhood. However, when integrating over the
entire surface of the photodetector, it is reasonable to expect that the homodyning
noise is likely to be independent for regions that are separated enough that the optical
wavefronts are no longer correlated. For such uncorrelated areas, the homodyne
noise will add in power. This noise is basically a fluctuation in the detector current.
On the other hand, the detector current will add directly for different areas on the
photodetector surface (i.e., for Pniform optical power per unit area, the average de-
tector current can be expected to dcuble by doubling the area, while the RMS fluctua-
tions in the detector current will only increase by a factor offZ)—.

This integration gain realized by averaging over a large number of independent
regions on the photodetector surface is expected to be very significant.

As an example, consider an optical fiber having a 400 micron core diameter
and a numerical aperture of 0.2. Such fibers are commercially available with low
attenuation and are representative candidates for use with the optical grating hydrophone.

The numerical aperture dictates the region on the fiber face over which the
optical wavefronts behave monotonically and are well correlated. As a nominal rule
of thumb, the diffraction angle associated with this correlation area (i.e., the average
optical wavelength divided by the diameter of the correlation area) can be taken as
equal to the angle dictated by the mumerical aperture of the fiber. Using a nominal

4-11




optical wavelength of 0.6 microns and a numerical aperture of 0.2 implies a correla-
tion diameter of abaut 3 microns. '

Dividing the total area of the 400 micron fiber core by the area of the 3 micron
correlation neighborhood indicates about 1.8 x 104 independent subareas on the fiber
' face to be summed. ‘ ,

hudliiniie 4

Thus, the squared homodyne noise current will be

2 _ 1°p

i =
oh B (1.8 x 10%)

PP V- W

Comparing this homodyne noise current with the photon noise current given ‘
previously, it {s seen that homodyne noise dominates for large i and photon noise 1
dominates for small i.

The current for which these two noises are equal is determined as follows:

3 2 2 ’
E For inp =1 (4-29)
2B, = 1§ B———4_ (4-30)
B(1.8x10)
i, = 28(1.8x 10%) (4-31)
where:

1 e ® Photodetector de current for which homodyne noise equals photon noise.

.
M .
1~
H

L=

' S 4-12




The optical power corresponding to this detector current is determined as
follows:

The optical power (P) divided by the energy per photon (h ¢/A ) yields the )
number of photons multiplied by the quantum efficiency (1n), which yields the number
of conduction electrons per second. This mimber of conduction electrons per second
: multiplied by the charge of an electron (e) ytélds the detector current.

PA ne 4
* The (4-32)

-

; where:

= Optical power {lluminating photodetector
= Optical wavelength (nominal)

= Quantum efficiency of photodetector
= Plank's constant = 6.625 x 10” % Ws
Speed of light = 3 x 10e meter/m/s

Electron charge = 1.6 x 10™2° w,

2

o o p a3 > o

The optical power for which photon noise equals homodyne noise is determined
f from the previous two equations as follows:

‘ P e

(1.8 x 10%) 28 = = —LT (4-33)
1 2 hep (1.8 x 10%) ;
1 P, = 2255 L (4-34)

where:

P « " optical power for which homodyne noise equals photon noise,

For low-loss multimode optical fiber having A =1.05u and =2.14 x 1014 Hz,

the above equation yields

l;. P. L 1.‘6W. (4-35)
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Photodetectors having quantum efficiencies exceeding 50% are readily available. Thus,
optical powers exceeding about 3 W onto the photodetector can be expected to be homodyne-
noise-limited. No further SNR improvement is realized for higher optical powers.

4.2.6 CONCLUSION ON OPTICAL NOISE

Since optical powers of less than 1W into an optical fiber are common, homodyne
noise will not be a factor. Using larger fibers will increase the homodyne noise 1imit

even further if necessary.
Thus photon noise, rather than homodyne noise, will continue to be the dominant

noise source for any optical power levels of practical interest in the optical grating

This is confirmed by the experimental data presented in Appendix A. The data

)
H ? hydrophone gystem.
} indicates that photon noise rather than homodyne noise remained as the limiting factor over

the entire range experimentally investigated.
l Notice that at the higher light levels, SNR's as high as 160 dB were experimentally
realized. This corresponds to a minimum detectable grating displacement of 10-8 cycles.
Thus, grating as coarse as 10 cycles/mm can be used to sense displacements as small
¥ as 0.01 1& In view of these figures, acoustic sensitivity is not expected to be a problem,

| 4.3 SENSITIVITY/DYNAMIC RANGE ANALYSIS

4.3.1 GENERAL

Assuming that photon noise is now the dominant factor, sensitivity calculations
can be made.

‘ : The photon noise is given by: : (4-36)
1 = 2el.B
where
lzp = Photon noise current
e = Electron charge
5.' iy = Total average current
B = Bandwidth of measurement. o
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For a given signal current, 1', the signal-to-photon-noise ratio becomes:
1.32
sxnp = oE 3 (4-37)
Relating current to optical power we can write:
: P gn ¢
i Y T hy (4-38)
P .
u P.ne
| . B -
E f where
3 P. = Optical signal power
| P, = Optical bias, or average power
‘ h = Planck's constant
! v = Optical frequency
|
: n = Quantum efficiency
B
. ' The signal -to~photon-noise ratio can now be expressed as:
P ne\2
s hf _1
SNRp ’( hv > Pone 2¢B (4-40)
|
| P 2
P hv 2¢B (4-41)
T
- P 2 ;.
P.r 2hvyB - (4-42) :
j

The optical power through the gratings, assuming a bias of Xo. can be written as:

TN e

[X+ 601p,
2L

PT = Po + P’ = (4-43)

SR

L B e wimee
A 0
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; X o = Bias position

L = Distance between grating lines

i ; 6 () = Small distance variation due to signal
Pln = [nput optical power to hydrophone
Po = Optical bias power through hydrophone
P, = Optical signal power through hydrophone

|
i } Po and Ps can be written as:

A
\

5 . X oP
o 2L

. P ] 6 (t)l"m

} s 2L

f Plugging P' and PT into the expression for SNRp results in:

in

P 6 2(t)pm2ﬂ 2L
; t SNR £ —————— ———
| P 4r2mvB  [XH 6] Py

s 2P, n
4Lhy B(X°+ 5 ()

i J =

For ¢ (t) << Xo this equation reduces to:

n Py 3 2gt)

SNRy, = @B LX,

Now let us assume that the bias point X o is some fraction of L:

xo = gL

Then SNRP becomes:

iy P n ,2
- Y- B 1]
Kt SNRp 4hvB an

i3 4-16

(4-44)

(4-45)

(4-46)

(4-47)

(4-48)

(4-49)

(4-50)
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Atg = gL, SI\"Rp becomes maximum

P, . na
in
SNR = ZvE °” dynamic range
pmax v (Referenced to 0 dB SNRP) . (4-51)
To determine the minimum displacement that could be detected & mz(t). let SNRP =1
such that signal power is just equal to the photon noise power. Solving fors mz(t) I
’ ylelds:
'l 2
s 2 =Bl (4-52)
m Pl.n n
! We relate this to particle motion in water due to a sound pressure level P:
5 = B
' d wpce (4-53)
where

d = Particle motion in water
‘ w = Acoustic {requency
! ) pc = Acoustic impedance

The actual relationship between the displacement and the acoustic power in the
| water depends on the vibrating sensing diaphragm that drives the grating shutter.
Here, an upper bound is assumed on this displacement for nonresonant structures by
considering that the diaphragm cannot move through excursions that exceed those of

§ free water particles in the acoustic field.

Solving for Pz/B results in:

. pz ) 4hv pc)zc 1.2 (4-54)
, -3 Pi:n
_-‘-, which gives the minimum sound pressure level in a bandwidth B that results in an op-

tical signal-to-photon-noise ratio at the hydrophone output of 0 dB. In other words
this is the calculated minimum detectable sound pressure level of the intensity grating
hydrophone (MDS level), or detection Threshold Level.
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Relating this to the spatial frequency of the optical gratings, D, where

1
D= 21,
we Can write:
pz hv (@ pc)zﬂ hv (‘Mw)2 a
B - 2 " 1 ) 2

o.r by letting w = 2nf

2 by @wpe? 2

p =

B n ptnnz
where

b = 6.63x10"H Jos

v = 4.5x101 1

n = 0.5

pc = 1.55x10° gm om 2s7}
which results in:

2
%— = (3.651x107%) ,2,,2
Pl

with Di in units of lines per inch and Pm in units of watts .

(4-55)

(4-56)

(4-57)

(4-58)

This equation implies that the system sensitivity can be increased (MDS level

decreased) by either:
° Increasing grating densities, Di
° Increasing optical power, Pln

] Decreasing the bias, a
(at the expense of dynamic range)

4.3.2 MINIMUM BIAS (a)

Theoretically, a can be adjusted such that the optical throughput results in

4-18
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photon noise equal to detector poise. Beyond this point, sensitivity can no longer be

increased.

To determine what value of a can be used, o let us express the input and

output optical power (l’m and P o respectively) in terms of a:

L {]

- B in

Po 2 (4-59)
an = ZPO/pln (4-60)
We can also write:

P _ne

-—9—— = 4-—
hv o (4-61)

where i o ™ photodiode current corresponding to Po

which is a measurable quantity, the power correspon

current at which photon noise equals detector noise, iD,

By letting i o equal the
ding to this noise can be ex-

pressed as:
ith
P, =S - (4-62)

21 hv
D (4-63)

a = ‘eswees ———

This can be used in the MDS equation to give:

-

-’;2 . hv (27 pc)z(fzam 4-64)
B n 2
PmD




Since it was assumed that in selecting Gm, the photon noise was equal to

detector noise, the MDS expression should be multiplied by 2 which compensates for

the 3 dB loss in actual SNR to give:
2

- 2 <h—v_) 2_p czz 1Df

P -
E. 5 i (4-67)
. - in
2 2
, . h (hv ) 47 pcf (4-68)
b+ e\ M P, D
; in
o
T 2
- 1D hv &4 pci
—_— — (4~69)
e P, D
in
-5 1nf2
= (5.447 x 10 7) 3 2 (4-70)
P D
in 1

where: Di i{s in units of lines per inch.

The value of LD was calculated previously (see photon noise section) for a typical

photodiode with a 33.2K @ pesistor and found to be equal to 1.5 x 10°°,

Plugging this into the MDS equation yields:

2
3; - (8.171 x 10711)  ¢?
72
P, %p
in 4

4-71)

T

B R e o 2

This is plotted in Figure 4-3 for representative parameters .
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The dynamic range can be expressed by plugging the expression for G- into the

equation for snp max to give:

DR = SNR _Pinnm_ Pinn,ubhv _1D 0
P maXx 8 hvl 8hvB P 3 4eB ’ (4-72)

Forip=1.5x 1078 Amps, the dynamic range is 126.7 dB.
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APPENDIX A
OPTICAL NOISE MEASUREMENTS
(by E. Valovage)

1. INTRODUCTION

A measurement of optical noise was made using a photodetector whose output voltage
is proportional to the incident light power. The noise is defined as the RMS value of the
fluctuations of this voltage for a constant incident light power. Defining the signal as the
dc component of this output voltage, a signal-to-noise ratio (SNR) parameter can be
obtained. This SNR represents a suitable measure of the dynamic range of the detector,
indicating the minimum value of fluctuations which can be detected for a given dc or average

value,

2. PROCEDURE

The experimental setup is shown in Figure A-1. Details and specifications on the
components are given in Table A-1. The average light power on the detector, as indicated
by the dc voltmeter, was varied both by changing the voltage on the light source and by
moving the source and lens. Noise measurements were consistent regardless of the manner
in which the light power was varied. The photodiode output was amplified by a low noise
amplifier with 40 dB of gain. The power spectral density of the noise, both electrical and
optical, is flat from less than 1 kHz to greater than 20 kHz. Thus, noise measurements
were taken in a 100-Hz band centered at 2 kHz, and tabulated values are referred to a
1-Hz band.

The self-noise of the system is measured with the photodiode in darkness. For low
light levels, this noise floor puts a maximum on the attainable SNR according to:

M
SNR <20 log ( —V-"-) dB (A-1)
ne
with
v de = Dec component of the photodiode output
Vn e = Electrical noise measured with photodiode dark.

A-1
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The primary source of Vne is the thermal noise voltage generated by the resistor (in this

case R = 33.2KQ) in accordance with the following equation:

2 2
Ve = Vg = 4KTBR (A-1a)
where K = Bolzmax;'s constant (1.38 x 10-23 j/°K)
T = Temperature in °K
B = Bandwidth of measurement
VT= Thermal noise voltage
R = Value of resistor
For T = 294 °K  (70°F)
B = 1Hz
R = 33,2KQ
v 2 becomes:
ne
V2 = -153 dBV/Hz
LIGHT  CONVERGING PHOTODIODE & LOW NOISE SELECTIVE
SOURCE LENS DETECTING CIRCUIT PREAMPLIRAER VOLTMETER
40 DB
NOISE VOLTS

200 vDC

BIAS DC VOLTMETER

| Uzggm

Figure A-1, The Optical Noise Measurement Test Setup
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TABLE A-1

SPECIFICATIONS
Photodiode: EG &G SGD-040-A
"Silicon Diffused Guard Rizg Diode"
A
RL , Overall sensitivity
G 12,7 v/ mW
c L..Dp__ in 400-1100 nm band
| ||||,|||__ R, =33.2kn
vblas )
Light Source: 12V §5wW "H3"

Quartz Halogen Bulb
(Fog and driving light applications)

-

Noise Measurement:

Hewlett Packard 3591A
Selective Voltmeter

Measurements taken in 100-Hz band at 2 kHz. Tabulations referred to
1-Hz band
Flatness of spectrum verified by HP 3580A Spectrum Analyzer

Dc Meter:
Fluke 8000A Digital Multimeter

Low Noise Preamp: 40-dB Gain

dBv
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For higher light levels, where photon noise at the detector exceeds the electrical noise,
the maximum SNR is limited by the photon noise, as given by:

Vdc
SNR <20 log v dB (A-2)
np
with
Vnp = photon noise.

The photon noise is dependent upon the average light power level and is given by:

!

{ 2
: Vnp = 2¢ Vd
3 with
- = Electron charge 1.6 x 1019 ¢

Load resistance in photodiode circuit
Bandwidth of measurement (1Hz).
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| The above asymptotic imits (Equations A-1 and A-2) are plotted in Figure A-2. Since
' the noise voltages are RMS, their effects are combined near the crossover point yielding
a SNR limit according to:

- 2

| Vac

- SNR =10 log 5 (A-4)
2e VR + Vn o

e — ey

This curve is plotted at the crossover of the asympototes, representing the theoretical
SNR value for various light levels.

Experimental data is tabulated in Table A-2. The system self-noise was measured
with the photodiode dark. With a 200V bias on the photodiode, noise measurements were
made for increasing light levels up to a reading of 56V on the dc voltmeter (35 dBV). The
data points obtained are plotted on Figure A-2 along with the theoretical curve. The data
is consistent with the theory to within one dB.
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TABLE A-2 :
EXPERIMENTAL AND CALCULATED DATA ;
Dec Output RMS Noise SNR i
] Volts | dBV Calculated | Measured Calculated Measured :
| 0.01 | —40.0 152.2 151.5 112.2 111.5 i
{ ’ 0.03 | -30.5 150. 8 150. 5 120.3 120.0 ,
3 0.1 | -20.0 148.0 148.0 128.0 128.0
0.3 | -10.5 144.3 145.0 133. 8 134.5 j
| 1.0 0 139.5 140.0 139.5 139.7 1
3.0 9.5 134.8 135.0 144.3 144. 5 ;
! 5.0 14.0 132.7 133.0 146.7 146.7 ‘
: 10.0 20.0 129.7 130.0 149.7 150.0
f 31.6 30.0 124.7 125.0 154.7 155.0
X 56. 2 35.0 122.2 123.0 157.2 158.0
|
1 3. CONCLUSION j

Assuming there are no noise sources other than detector noise and photon
noise, the dynamic range (SNR) can be increased arbitrarily given enough average
light power. If any other sources of noise exist such as to further limit theoretical
Thus such

SNR values, their effect is not seen here up to SNR values of 158 dB.

limits, if any, must be well above 170 dB.




SNR (DB//HZ) -

170 — (SIGNAL-TO-PHOTON + THERMAJ, NOISE).
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Figure A-2. Experimental and Calculated Data

A-6







